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Cement Industry Is at Center 

of Climate Change Debate
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Change for the Future

• A change is needed in how 

concrete mixtures are designed

• We need a solution that 

addresses sustainability and 

performance that scales

• The time for 

change is now

• Three Prong approach
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Life Cycle 
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Content

Reduce
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• A change is needed in how 
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addresses sustainability and 
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Content
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IC Bridge Decks
~3% added cost

3x life, < cracking

Long-term work 
with groups to 

lower binder, as 
well as specifiers 

Todays talk is really 
looking at how we 
reduce clinker in 

the binder 
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Research Framework 

Weiss et al. 2018
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Thermodynamic Modeling of 

OPC and SCM  Systems

Photo 44066082 © Luchschen | Dreamstime.com
Photo 43874974 © Alexander Levchenko | Dreamstime.com

Photo 19158807 © Zoran Mijatov

We need to know the volumes of 
the materials that would be mixed 

together (Mixture proportions)

C3S, C2S, C3A, C4AF, 
Na2O, K2O, etc

Dreamstime.com

Photo 116022050 © Wisconsinart

Thermodynamic 
Modeling
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Modeling framework

OPC amount and 
chemical composition

(C3S, C2S, C3A, C4AF, 
Na2O, K2O, etc.)

SCM amount, chemical 
composition, maximum 

reactivity

(SiO2, Al2O3, CaO, 
Na2O, K2O, SO3, etc.)

Pozzolanic 
reactivity test 

(maximum 
degree of 
reactivity) 

GEMS

INPUT 

Amounts of 
OPC and  SCM oxide 

phases
@ a given time or 

degree of hydration

+

Amount of water

Kinetic model for 
OPC and SCM

OUTPUT

Solid phases: C-S-H, CH, 
Aft, Afm, etc.

Pores: Chemical 
shrinkage, gel pores, 

capillary pores)

Pore solution: 
Composition, pH, 

resistivity

Pozzolanic 
Reactivity 
Test (PRT)

Modified 
Parrot and 

Killoh Model
(MPK)
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Compatible with 
FHWA PEM/PRS Specs

AASHTO PP-84
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Pozzolanic reactivity 

test (“PRT”) can 

determine reactivity 

of the IBM

Input into the model

IBM + CH + H2O →
reaction
products

+ Δ

Pozzolanic Reactivity Test

Measure CH
Consumed

Measure Heat 
Released
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• Generally, there is about 10% 

more limestone in C595 than C150

• C595 cements are an ‘engineered system’

– Not simply diluting the cement

• C595 cements are finer 

– Accelerated rate of reaction (overcomes dilution)

– Limestone is softer than clinker – therefore finer

• C595 cements can have some advantages –

space filling, nucleation, chemical reactions

Demonstration of Approach 
Caltrans Specification Change
OPC - ASTM C150

PLC - ASTM C595 IL
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PLC+

SCM

• Porosity w/ 100% Al2O3 addition

• ~ 38 to 39% porosity occurs

• Low porosities can be obtained 

when PLC+SCM is used

• Translates into performance

• Specification change

• Mixture design/prediction (PP-84)

• Call with numerous SHA, interest

B
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arad
w

aj et al. 2
0

2
1

Photo 72394692 / Faq © Weerapat Wattanapichayakul | Dreamstime.com

Can SCM be used with PLC?
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Modeling framework
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Batch Dissolution of IBM in Simulated 

Pore Solution Gives Composition of 

Dissolved Phases

0.25
h

0.5h 1h 18d 22d 28d

• Overburden Pumice kept dissolving, all data can be 
used to quantify reactivity of amorphous 

Example Dissolution Behavior of Selected IBMs
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• Clay 2 contains calcined kaolinite with quartz 
• Its dissolution plateaued after about 7 days 

• IBMs added into solution in N2 filled glove bag
• Rotate in tumbler; open one bottle at a time
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Next Step: Link Mass Loss of IBM in 

Paste to Mass Loss of IBM in 

Simulated Pore Solution Dissolution

a. IBM degree of 
reaction over 
time in paste

MPK Model to 
Obtain Kinetics 

Coefficients of Each 
Components 

GEMS for 
Thermodynamic 

Simulation of 
Reaction Products

b. Composition 
of dissolved IBM 

over time in 
pore solution

IBM rate of reaction (mass/time), determined 
by mass loss of IBMs from selective dissolution

Composition of reacted IBM at certain IBM 
mass loss (composition/mass), determined 
from Al, Ca, Si conc. in simulated pore solution

Reacted 
Components at 
Given Times

Link Mass Loss in 
paste and solution
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Multiscale Computational 

Models for Mechanical Properties
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Multiscale Computational 

Models for Mechanical Properties

Property-Porosity Relationship

FEM-based Mechanical model 

Pore
no mechanical 
properties 

Solid
mechanical properties
E, sf, GIc

E0, Elastic modulus at 0 porosity
G0, Fracture toughness at 0 porosity

n, Disconnections parameters
𝜙 ,Paste Porosity

Mechanical properties of paste
E, sf, GIc

Elastic Modulus Fracture Energy Crack pattern evolution 

AutoCAD sketch Abaqus mesh

P

Three-point bending FEM model
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Off-spec high sulfur fly ash can affect concrete
performance significantly; suitable beneficiating
admixtures were developed

CFA Control fly ash
CAc

Calcium acetate (reduces pore solution pH and 

prevents flash set due to Na2CO3)TFA Trona-impacted fly ash (high sulfur and alkali)

MAc Magnesium acetate (reduces pore solution pH)HSFA1/2 High sulfur fly ash with hannebachite

FBC Fluidized bed combustion ash (high sulfur – anhydrite) CBr Calcium bromide (accelerator)
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PDMS

Al2(SO4)3· 18H2O

Functional film

PDMS substrate

@pH=4 control Salt-PDMS PDMS-salt-PS
Salt-

epoxy

Time 
(min)

159 17092 18615 16943

> 100-fold > 100-fold > 100-fold

Polystyrene-block-
polybutadiene
(PS-PBD) 

Rubbery 
polymer

Poly(styrene) (PS)

Barrier 
polymer

Polystyrene-block-
polyethylene oxide 
(PS-PEO)

Complexing 
polymer

polystyrene-block-
polylactic acid 
(PS-PLA)

Degradable 
polymer

Potential polymer coatings capable of
delaying admixture delivery over 100-
fold in terms of time.

Potential polymers capable of ion transport or are degradable
at high pH for delayed dissolution.

Development of polymer barriers and coating 
methods for controlling dissolution kinetics 
and triggered release
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Total C-(A)-S-H Volume

C/S Ratio

It is important to use the right CSH model !

Monte Carlo Simulations & 

Couple C-(A)-S-H Models
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Summary 

• This project focused on developing the pozzolanic reactivity test 

(PRT) to evaluate industrial by products for use in concrete

• Update of kinetic modeling that is essential for SCM

• Illustrate value for Caltrans specifications (PLC + SCM)

• Updating dissolution models

• Porosity to strength models

• As setting and admixtures 

to relate dissolution

• Monte carlo simulations
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Example Results: 

Porosity
One specific composition of OPC

+
One specific composition and DOR* of CC

100,000 compositions of OPC
+

100,000 compositions and DOR*s of CC


